We examined the role of the hull, seed coat and embryo in the effect of qLG-9, as a first step to elucidate the mechanism(s) responsible for seed longevity in rice. The effects of the other proposed QTLs for seed longevity, qLG-2 and qLG-4, were also investigated. We used chromosome segment substitution lines (CSSLs) derived from a cross between a japonica variety (Koshihikari) and an indica variety (Kasalath) to isolate each QTL. To examine the seed longevity, a germination test was performed after an aging treatment. Both in unhulled and hulled seeds, qLG-9 (located on chromosome 9) increased the seed longevity, unlike qLG-2 and qLG-4 (located on chromosomes 2 and 4, respectively). A germination test using unhulled seeds of the reciprocal crosses between Koshihikari and SL226, the CSSL harboring qLG-9, failed to reveal a maternal effect from the hull or seed coat on the longevity. Thus, it was assumed that the increased seed longevity conferred by qLG-9 was associated primarily with embryonic and/or endospermic factors.
Introduction
Seed longevity of rice (Oryza sativa L.) is an important trait in seed production (Siddique et al. 1988) and in the successful outcome of direct seeding (Yamauchi and Winn 1996) . Variations in the seed longevity have been reported among cultivars originating from different ecogeographic regions (Ikehashi 1973 , Siddique et al. 1988 , Chang 1991 , Ellis et al. 1992 , suggesting that there may be a genetic basis for the variation. The mechanisms of seed longevity reviewed by Roberts (1972) indicated that seed longevity was associated with several and complex factors, i.e., cytological, genetical and metabolic factors. Miura et al. (2002) identified a putative quantitative trait locus (QTL), qLG-9, with a large effect on the seed longevity using 98 backcross inbred lines (BILs) derived from a cross between a japonica variety Nipponbare and an indica variety Kasalath. It is important to analyze the biological function of qLG-9 to elucidate the mechanism(s) responsible for seed longevity.
Rice seeds consist of different genetic components, namely hull, seed coat, endosperm and embryo (Ikehashi 1973) . The seed coat plays an important role in the protection against damage from adverse environmental conditions, such as drought and high temperature, as well as against microorganisms and insects. Hardseededness is beneficial in maintaining the viability in beans (Potts et al. 1978 , Dassou and Kueneman 1984 , Hartwig and Potts 1987 . Maternal effects on dormancy, exerted through the hull and seed coat, have been observed in reciprocal crosses of rice (Takahashi 1962 , Ikeda 1963 , Ikehashi 1973 .
Thus, the objective of the present study was to clarify the role of the maternal tissues, hull and seed coat, in the effect of qLG-9, as a first step to elucidate the mechanism(s) responsible for seed longevity in rice. Though Miura et al. (2002) had identified other QTLs, qLG-2 and qLG-4, they did not detect the effect of qLG-4 in the chromosome segment substitution lines (CSSLs) derived from a backcross between Kasalath and Nipponbare, and they could not confirm the existence of qLG-2 due to the lack of availability of CSSLs for qLG-2. Thus, we attempted to confirm the effects of the other QTLs, especially qLG-2, using the CSSLs derived from a cross between Koshihikari and Kasalath.
Materials and Methods

Plant materials
We used a set of CSSLs derived from a cross between a japonica variety (Koshihikari) and an indica variety (Kasalath) (Ebitani et al. 2005 , http://www.rgrc.dna.affrc. go.jp/jp/ineKKCSSL39.html) provided by the Rice Genome Resource Center. This set consisted of 39 lines selected by the use of 129 RFLP markers. To confirm the effects of the three putative QTLs for seed longevity, we used three CSSLs (SL206, SL211 and SL226). In SL206, SL211 and SL226 (Fig. 1) , chromosomal segments harboring qLG-2, qLG-4 and qLG-9, respectively, were inserted as Kasalath segments into the lines with a Koshihikari genetic background. Though SL206, SL211 and SL226 carried a relatively large fragment of Kasalath on chromosomes 2,4 and 9 ( Fig. 1) , Miura et al. (2002) 
Evaluation of seed dormancy and seed longevity
Seeds of five individuals from each CSSL were harvested at 40 days after heading. To investigate the role of the hull in the seed longevity, half of the seeds from each CSSL were hulled; while the other half remained unhulled. Fifty unhulled seeds and 50 hulled seeds from each line were placed on two sheets of filter paper moistened with distilled water in a 9-cm Petri dish. Five Petri dishes were used for each line (i.e., 5 × 50 = 250 seeds for each treatment). The seeds and brown rice were germinated at 25°C for 7 days. Germination was defined by the emergence of the root or shoot from the seeds.
The germination percentage was used to determine the degree of seed dormancy and longevity. For this study, the unhulled and hulled seeds were stored for 1 month at 40°C in a drying machine to break seed dormancy. An aging treatment was then conducted, according to the method described by Ikehashi (1973) . In this method, the sample seeds were kept in air-tight containers over water and placed in an incubator at 30°C until their moisture content reached 15% to 16%. Thereafter, the water was replaced with a saturated potassium chromate (K 2 CrO 4 ) solution to maintain the moisture content at an equilibrium level of 15% to 16%. The moisture content of the seeds was determined using a moisture tester (Riceter-J, Kett, Tokyo). We examined the germination percentages at 4, 6, 8 and 9 months after the onset of this aging treatment with five replications. The data related to minimum and maximum values for each treatment were excluded from statistical analysis.
Reciprocal crosses
To investigate the role of the maternal tissues (hull and seed coat) in the seed longevity, line SL226, which harbors qLG-9, and Koshihikari were used for reciprocal crossing. After crossing, the plants were grown in a greenhouse which was exposed to the outside air and the F 1 seeds of the maternal parents of both reciprocal crosses were harvested at 40 days after heading. The two parental lines and Kasalath were also cultivated and harvested in this manner. An aging treatment and germination test were conducted in unhulled seeds, as described above. Table 1 summarizes the agronomic characteristics of the tested lines (5 plants/line). The heading dates of SL211 and SL226 were closest to that of Koshihikari, while heading of SL206 and Kasalath occurred 3 to 4 days later. Values for culm length, panicle length, panicle number/plant and panicle weight/plant in the CSSLs were similar to those of Koshihikari, and were lower than those of Kasalath.
Results
Agronomic characteristics
Germination percentages of unhulled and hulled seeds after aging Table 2 shows the germination percentages of unhulled seeds before aging and after each period of aging. Before the break of dormancy, the germination percentages of all the lines ranged from 6.7% to 68.7%, and differed significantly among the lines. Immediately after the break of dormancy, all the percentages were close to 100% and did not differ significantly. Thus, we confirmed that the dormancy of seeds in all the five lines had been broken. Germination percentages remained high (>91%) even after 6 months of aging, and did not differ significantly among the lines. However, after 8 months of aging, the germination percentages of Koshihikari, SL206 and SL211 were low (0%, 1.3% and 1.3%, respectively), whereas that of SL226 (the only line that harbored qLG-9) was significantly higher (97.3%). After 9 months of aging, the germination percentages of all the lines, except for SL226, had decreased to 0%. Although the percentage for SL226 had decreased dramatically (to 4%), it remained significantly higher than those of the other lines. These results confirmed the effect of qLG-9 on the seed longevity. On the other hand, qLG-2 and qLG-4 did not exert any effect on the seed longevity. Table 3 shows the germination percentages of hulled seeds at each stage of the aging treatment. Before the break of dormancy, the germination percentages (80% to 95.3%) were all higher than those of the unhulled seeds ( Table 2) . As in the case of the unhulled seeds, the germination percentages of all the lines increased to nearly 100% immediately after the break of dormancy. Germination percentages remained high (and did not differ significantly) after 4 months of aging, but had markedly decreased (between 39.3% and 74.0%) in all the lines, except for SL226 and Kasalath, which retained a significantly higher germination percentage (approximately 98%). After 8 months of aging, the germination percentage of Koshihikari, SL206 and SL211 had decreased to 0%, whereas that of SL226 was significantly higher (34.7%). After 9 months, the germination percentage of SL226 had also decreased to 0%. These results confirmed that the effect of qLG-9 was also present in the hulled seeds.
Germination percentages of the F 1 seeds of the maternal parents of reciprocal crosses Table 4 shows the germination percentages of unhulled seeds of the parental lines and of the F 1 seeds from the reciprocal crosses, SL226/Koshihikari and Koshihikari/SL226, before and after the break of dormancy, and after different periods of aging. The germination percentages before the break of dormancy ranged from 41.3% to 88%, and were significantly lower for the two reciprocal crosses than for the parental lines.
After the break of dormancy, all the percentages increased to at least 94%, and did not differ significantly. The germination percentage of Koshihikari, after 6 months of aging (68.0%), was significantly lower than that of the other two lines and two reciprocal crosses, and all the lines and reciprocal crosses harboring qLG-9 showed significantly higher germination percentages (96%; no significant difference among these lines and reciprocal crosses). The same pattern persisted until 8 months of aging, though the germination percentages decreased to between 75.0% and 81.7%, except for Koshihikari. Seed viability was lost entirely after 9 months in Koshihikari, and decreased to 15.0% and 16.7% in the two reciprocal crosses; the germination percentage of SL226 remained significantly higher (56.7%) even after 9 months. There was no significant difference between the viability of F 1 seeds from the reciprocal crosses at any time. The results suggested that the effect of qLG-9 was dominant and that there was no maternal effect from the hull or seed coat on the longevity conferred by qLG-9. Thus, the seed longevity conferred by qLG-9 appeared to be associated primarily with embryonic and/or endospermic factors.
Discussion
We confirmed that qLG-9 affected the longevity of the seeds without hull, based on the germination tests with hulled rice. Furthermore, the results of our comparison of seed viability in the reciprocal crosses of SL226/Koshihikari and Koshihikari/SL226 confirmed the absence of maternal role in the effect of qLG-9. These results indicated that the seed longevity conferred by qLG-9 was associated with Aug. 9 92.6 ± 3.0 16.9 ± 1.2 14.4 ± 0.9 27.2 ± 1.5 white SL211
Aug. 6 78.0 ± 1.6 15.2 ± 0.8 16.4 ± 3.0 23.0 ± 3.4 white SL226 Aug. 7 76.8 ± 3.1 18.4 ± 1.4 14.6 ± 1.1 25.6 ± 4.0 white embryonic and/or endospermic factors. On the other hand, the germination percentages of the stored unhulled seeds, all the lines after 8 months of aging treatment and of Koshihikari, SL206 and SL211 after 6 months of aging treatment, were higher than those of the hulled seeds (Table 2 and Table 3 ). The hull appeared to play some role in the control of seed viability. According to Roberts (1972) , the factors involved in the loss of seed viability were classified into intrinsic (accumulation of toxic metabolites, denaturation of macromolecules and depletion of essential metabolites) and extrinsic (ionizing radiations and fungi) ones. The role of the hull appeared to be important to protect seeds against damage from extrinsic factors. Takahashi (1962) who studied the genetic factors responsible for dormancy using reciprocal crosses, reported that the seed coat and the embryo were both controlling factors during the early storage period after harvest, but that the role of the embryo decreased during storage and only the role of the seed coat remained important. Further studies should be carried out to elucidate in more detail the relationships between embryonic and/or endospermic factors and hull that affect the seed longevity conferred by qLG-9.
The germination percentages of Koshihikari, SL226 and Kasalath before the break of dormancy listed in Table 2  and Table 4 were different. The plant materials used in these two experiments were planted under different conditions, namely field (Table 2 ) and greenhouse (Table 4) . Though the greenhouse was exposed to the outside air, the temperature tended to be higher and the humidity lower than in the field. Ikehashi (1973) reported that seed dormancy was affected by environmental factors such as the temperature during the ripening period. The differences between the germination percentages before the break of dormancy in the two experiments might be due to environmental factors.
In the present study, the germination percentage of SL226 was lower than that of Koshihikari before the break of dormancy. Thus, the seed dormancy of SL226 was stronger than that of Koshihikari. The QTLs for seed dormancy located on chromosome 9 were not detected in previous reports in which the BILs derived from Nipponbare/Kasalath //Nipponbare had been used (Lin et al. 1998 , Miura et al. 2002 . Miura et al. (2002) also reported that seed longevity and seed dormancy appeared to be controlled by different genetic factors in Kasalath, based on a comparison of the chromosomal locations of QTLs for these traits. In addition, some researchers have reported the lack of relationship between seed longevity and seed dormancy in rice (Roberts 1963 , Ikehashi 1973 , Juliano et al. 1990 . Since the difference in seed dormancy between Koshihikari and SL226 was less pronounced in hulled seeds than in unhulled seeds ( Table 2 and Table 3 ), the hull appeared to exert a large effect on seed dormancy. On the other hand, qLG-9 affected the longevity of hulled seeds (Table 3) . Thus, the difference in the expression between seed dormancy and seed longevity in hulled seeds could support the findings of Miura et al. (2002) . Since SL226 carries a relatively large fragment of Kasalath on chromosome 9 (Fig. 1) , it is, thus, possible that there are minor QTLs controlling seed dormancy in the fragment. Further studies should be carried out to examine the relationships between the QTLs for seed dormancy and qLG-9. The present study revealed that qLG-2 and qLG-4 did not affect the seed longevity in unhulled seeds (Table 2 ) and hulled seeds (Table 3 ). It was difficult to explain the reason for this result in the present study. However, some QTLs may control the seed longevity, except for qLG-2, qLG-4 and qLG-9, because the total phenotypic variance explained by these three QTLs was 68.2% in the BILs from Nipponbare /Kasalath//Nipponbare (Miura et al. 2002) . There might be some specific interaction between qLG-2, qLG-4 and undetected QTLs. However, Miura et al. (2002) indicated that it was difficult to detect QTLs with a specific interaction using a small population (98 BILs). It is, thus, necessary to use a larger population than that used by Miura et al. (2002) to confirm the effects of qLG-2 and qLG-4. Accumulation of qLG-2, qLG-4 and qLG-9 may also enable to confirm the effects of qLG-2 and qLG-4. The germination percentages of SL226 were higher than those of Kasalath after 8 and 9 months of aging treatment (Table 2 and Table 3 ). Since the seed longevity of Koshihikari was longer than that of Nipponbare (Miura 2003) , it is possible that Koshihikari harbored the other QTLs controlling the seed longevity. It is necessary to detect QTLs controlling the seed longevity using BILs derived from a Koshihikari//Kasalath/Koshihikari cross.
The palatability of stored brown rice deteriorates over time with rheological changes and the development of a stale flavor in cooked rice. Toyoshima et al. (1998) observed a positive correlation between the palatability and the germination percentage of stored rice. Since rice is usually stored as brown rice in Japan, breeding of new lines that harbor qLG-9, which expresses the seed longevity in hulled seeds (brown rice), might be useful for the maintenance of palatability during storage. In future experiments, we plan to investigate the effect of the seed longevity on the deterioration of palatability using near-isogenic lines harboring qLG-9.
